Introduction
Water-alcohol mixtures show peculiar excess prop erties. Particularly, the excess heat of mixing AHE [1] , excess partial molar volume AVE [2] , excess molar heat capacity zJCE [3] , excess partial diffusion coeffi cients ADE, AD2 [4] , excess adiabatic compressibility, UV absorption coefficient [5] , and excess IR absorbance at the overtone region of spectra AEe [6, 7] have extreme values (mostly minima) approximately at the same alcohol concentrations. The point of max imal excess is typical for each alcohol and is near the methanol mole fraction x* =0.25 for water-methanol mixtures.
The behaviour of the excess quantities in the con centration range 0rg.xmfgx* is often interpreted as enhanced water-water interactions [8, 9] or an increase in the number of H-bonds in comparison to those present in the pure components. The concentration range around the transition point x* (2 refers to the alcohol) is considered as a region of higher structural stability. The enhancement of the water structure is attributed to the formation of dense water structures in the hydration sphere of alcohol molecules which is associated both with the hydration of hydrophilic groups and clathrate structure formation around the hydrophobic groups of alcohol molecules. Contrary to the above conclusions, other authors ascribe the effect to the breaking of water structure [10, 11] . Struc tural changes as a result of increasing alcohol concenReprint requests to Dr. G. Palinkas, Central Research Insti tute for Chemistry, Hungarian Academy of Sciences, Buda pest, Hungary. tration can be explained by the effect of hydrophobic interactions. The latter are assumed to take part only at low xm values, whereas at higher concentrations, hydrogen bonding is thought to be influenced only by the interaction of water with polar groups of alcohol molecules [12] .
In this work, the structural changes in water-methanol mixtures are studied by means of molecular dy namics (MD) simulation. MD simulations of pure sol vents and two water-methanol mixtures, xm = 0.1, 0.9, with flexible 3 site molecular models have been carried out recently [13] [14] [15] , To study the structure at the transition concentration, an additional MD simulation with 25 mol% methanol molecules has been carried out.
The results of five MD simulations with the same molecular models and interactions, two for pure sol vents and three for mixtures will be discussed together. In the first paragraph a short description of the MD simulations is given. In the second paragraph the cal culated excess properties are discussed, in the third we report structural evidences based on pair correlation functions, and in the forth paragraph we analyse the statistical got for H-bonding in mixtures.
A detailed discussion of the time dependent proper ties of the simulated mixtures is given elsewhere [16] .
I. MD Simulations
In the simulations the methanol and water mole cules were represented by flexible three site models with force centers located on oxygen, hydrogen and methyl groups. The interaction potentials were repre-0932-0784 / 91 / 0100-0095 $ 01.30/0. -Please order a reprint rather than making your own copy.
V.ß(r, q) = V$tn(q) + *Äter(r), where the q are internal coordinates and r distances between sites in different molecules. The intermolec ular term in the total potential was separated into Coulombic and non-Coulombic contributions. Intra molecular parameters, bond lengths and angles for non-interacting monomers were represented by gas phase experimental values. The charges assigned to the sites together with the gas phase geometries result in dipole moments of 1.86 D for water and 1.93 D for methanol molecules. The form of the potentials and the potential constants used in simulations have been given elsewhere [13, 14] .
The simulations were carried out at constant den sity and total energy. Ewald summation was used for all Coulomb interactions and the shifted force poten tial method for non-Coulombic contributions of sitesite potentials. In all simulations the periodic cube contained 200 molecules. The following experimental densities were used: g0 = 0.991 gcm 3, go l =0.9717 gem 3, 25 =0.9371 g cm3, g0 9 = 0.8037 g cm3 and gt =0.7866 g cm3, where the index refers to the mole fraction of methanol molecules. Average temperatures for the different simulations were around 292 with deviations of about 6 K. The simulations were ex tended over 4-20 ps. The stability of the total energy was better than 0.1% during the entire length of the simulations, without rescaling the velocities.
II. Interaction Energies and Heat Capacities
Total intermolecular energies (£t) of water-methanol mixtures together with potential energies of water (£w) and methanol molecules (Em) are compared with those for pure solvents in Table 1 . The excess potential energies of mixing defined by AF = F -x F° -x F°n^ M w w Am^m (where and E°m are the total intermolecular energies for pure solvents) are also compared in Table 1 with experimentally determined excess molar heats of mix ing [1] , In this comparison the difference between en thalpy AH and energy AE can be neglected as pA V is low compared to AE. The data given in Table 1 show that the potential energy for water molecules is lower and that for methanol molecules is higher in the mix tures when compared with the pure solvents. This sented by sums of intra-and intermolecular terms, points to the destabilization of water molecules with increasing amounts of methanol molecules, and at the same time, the stabilization of methanol molecules in mixtures with increasing amounts of water molecules. The calculated excess molar energies agree well with experimental excess molar heats of mixing and reproduce an extreme value for the mixture with 25 mole% methanol molecules.
It should be noted that for the calculation of the excess energies of mixing, the potential energies were taken from simulations with slightly different temper atures. However, the variation of the experimental AH data is smaller than 0.1 kJ/mol per 10 K around room temperatures [1] and thus this should not much im pair the comparison.
Constant-volume heat capacities (cv) have been cal culated from the temperature fluctuations. In order to obtain measurable quantities we applied quantum corrections and corrections for the missing nine inter molecular modes of the CH3 group neglected in the 3-site methanol model [14] . In accordance with Berens et al. [17] , quantum corrections were calculated in quantum harmonic oscillator approximation by treat ing the frequencies in the spectral densities as quan tum oscillators. The uncorrected heat capacities, the corrections, and the excess molar heat capacities for the mixtures are given in Table 2 . The quantum and methyl group corrections are proportional to the con centration of the components and therefore do not contribute to the excess heat capacities.
The obtained heat capacities for the pure solvents are by about 20% lower than the experimental ones. This seems to be a characteristic feature of the poten tial models applied. Unfortunately no experimental data are given in the literature. Interestingly, however, the calculated excess heat capacities are positive and show a minimum value for the mixture with xm = 0.25, which resembles the properties of ethylalcohol-water mixtures [3] . Table 3 . Characteristic values of site-site pair correlations for mixtures and pure solvents (g{r,) is the peak height at the first maximum at /■,, n(rm) is the coordination number integrated up to the first minimum rm ). Distances are given in Ä. Considering the fact that the higher excess heat capacity is in accordance with the higher excess poten tial energy for water rich mixtures, it may be con cluded that the major contribution to the excess heat capacities is due to configurational contributions. This may be attributed to the increasing stabilization of methanol molecules with increasing amounts of water molecules.
It has also been shown [16] that the self-diffusion coefficients for methanol and water molecules, ob tained by MD, are smaller in the mixtures than in the pure solvents and, in agreement with experimental data, the lowest value for Dm is reached for the mixture with xm = 0.25. All three calculated data indicate a transition point for the 3:1 water-methanol mixture in accordance with the experimental results.
III. Radial Distribution Functions (RDF)
For each mixture there are 15 different site-site RDFs gaißj(r), where cc,ß = ö , H, C and i,j = m, w. However, we use g3iß(r) RDFs in the present discus sion. The first index, a/, denotes O w, Om and C sites, the second, ß, stands for O and H foreign molecule H methanol (xm=l) and three water-methanol mixtures from MD simulations.
sites, regardless whether they belong to water or meth anol molecules. This representation is specially useful in characterizing differences between the extent of hy drogen bonding in mixtures and corresponding pure solvents.
The gai ß RDFs for mixtures together with those for the pure solvents are presented in Figs. 1-3 . Some characteristic values of these RDFs are given in Fable 3. The positions of the first intermolecular peaks in the 0 w-0 and 0 m-0 as well as in the Ow-H and Om-H RDFs are the same within the limits of statis tical uncertainty and found at 2.84 + 0.002 Ä and 1.9 + 0.02 Ä, respectively.
From the values given in Fable 3 it can be seen that the 0 w-0 and Ow-H peak heights increase and the running coordination numbers integrated up to first minima (n(O) decrease with increasing molar ratio (xm) of methanol. Fhe increase in the degree of corre lation between water molecules and their nearest neighbours involves the loss of hydrogen bonded neighbours due to dilution with methanol molecules. In the methanol rich mixture (xm = 0.9) there are in average only three oxygen and one hydrogen sites in the vicinity of water molecules. Compared with pure Fig. 2 . Ow H and 0 w-0 radial distribution functions and running integration numbers for pure water (xm = 0), pure methanol (xm = l) and three water-methanol mixtures (xm ) from MD simulations.
water this means the loss of one neighbour on the acceptor side.
Exactly opposite phenomena occur for the Om O and Om-H RDFs of methanol molecules. The degree of correlation decreases and the number of H-bonded nearest neighbours increases with increasing concen tration of water molecules in the mixtures. In the mix ture richest in water (xm = 0.1) a maximal number of H-bonded neighbours is reached, on average one on the donor, and two on the acceptor side of the meth anol molecules.
The oxygen arrangement around the methyl groups is characterized for different mixtures in Fig. 3 . The C -O nearest neighbour distance slightly decreases (0.1 Ä), the peak heights show a slight and the coordi nation numbers a remarkable increase with the in creasing mole ratio of water molecules. More than twice as many neighbours are found near the methyl groups in the xm = 0.1 mixture than in pure methanol. The hydrophobic effect observed in water-methanol mixtures is obviously due to packing reasons, simply because it is easier for water molecules to approach a Fig. 3 . Carbon-oxygen radial distribution functions and run ning integration numbers for pure methanol (xm=l) and three water-methanol mixtures (xm ) from MD simulations. methyl group than it is for methanol molecules with their bulky methyl groups.
IV. Hydrogen Bonding Analysis
There is no unambiguous definition of hydrogen bonds in MD simulations since all pair interactions change continuously as a function of separation and mutual orientation of the molecules. This can be seen both in the pair energy and hydrogen bond angle distributions (P(£), P(.9HB)) given in Figs. 4 and 5 for methanol and water molecules in mixtures and in pure solvents. Either the energetic or geometric concept is used for the definition of bonds; the choice of limiting values for variables is not given a priori. Therefore, both concepts classify bonds as strong and weak rather than bonded and broken. In the following, we use the geometric concept for the definition of Hbonds. For comparison we consider two nearest neigh bours, H-bonded on the condition that r0 _0 is smaller than 3.4 Ä (minimum in O -O RDFs) and the H-bond angle ($hb) defined in the insertion of Fig. 5 is lower than 20 degrees. It had been shown in a previous paper [14] that the above strong H-bond definition corresponds to an energetic one with limiting H-bond energy of about -10kJ/mol (minimum in the P(V) distribution in Fig. 4 ).
Some characteristic values for H-bonding of metha nol and water molecules, such as the mean H-bond angle <$HB>, the average number of H-bonds per mol ecule <rcHB>, and the mole fraction of molecules having a maximum number of H-bonds (3 for methanol and 4 for water) are given in Table 4 .
It can be seen in Fig. 5 that no hydrogen bond angles higher than 70° exist between neighbouring molecules. The hydrogen bond angle distribution is narrower and the deviation from linearity of H-bonds is smaller for pure methanol than for pure water. The mean H-bond angle decreases for water and increases for methanol in the mixtures compared with the corre sponding values of the pure solvents ( Table 4 ). The number of methanol molecules with maximal number of H-bonds (P3) is higher in water rich mixtures. The highest number of molecules with maximal number of H-bonds is found for the water-methanol mixture with 25 mole% of methanol.
